Keita Soda and Shuta Ishibe Purpose of review In this review, we discuss the role of endocytosis, a fundamental process internalizing molecules from the plasma membrane, and its critical importance in podocyte biology.
INTRODUCTION
A major function of the glomerulus is to filter plasma to generate urine while retaining essential solutes in circulation. Podocytes, the cells of the glomerulus that line the capillary loops, play a critical role in carrying out this function. Their interdigitated foot processes, connected by a slit diaphragm, together with the fenestrated endothelial cells, and the intervening basement membrane form the filtration barrier. The impairment in the glomerular filtration barrier often manifests as a massive protein loss in the urine, which is often a sequela of chronic kidney disease [1] . The importance of podocyte integrity in the pathogenesis of nephrotic syndrome is best illustrated by the identification of human disease causing mutations in podocyte-specific genes encoding nephrin and podocin, two membrane proteins that span and stitch together foot processes of neighbouring podocytes [2] [3] [4] . Other key genetic mutations in alpha 3 integrin, CD2-associated protein (CD2AP), alpha actinin-4, myosin-1E (MYO1E), apolipoprotein L1 and short transient receptor potential channel 6 (TRPC6) have further illustrated the complex regulation of podocytes during health and disease [5] [6] [7] [8] [9] [10] [11] [12] . Over the last several years, an interesting concept has emerged regarding the relationship between glomerular podocytes and neuronal synapses [13, 14] . For example, a subset of Charcot-Marie-Tooth disease, a hereditary disorder affecting the peripheral nervous system, has been linked to nephrotic syndrome [15] . To some extent, such similarities may reflect organizational similarities: foot processes, such as axon terminals and dendritic spines, are peripheral extensions of branched cellular processes. They also participate in very precise cell-cell contacts whose function is critically dependent upon protein networks that regulate the cortical cellular cytoskeleton, with roles, often interconnected, in signalling, actin dynamics and endocytosis. This fundamentally important pathway that has been extensively studied in neurons appears to be recapitulated and equally critical in podocytes. In this review, we will focus on the recent new findings on clathrin and nonclathrin-mediated endocytosis within podocytes, concentrating on the
OVERVIEW OF ENDOCYTIC PATHWAYS
Endocytic pathways serve as a gateway for all cells by orchestrating extracellular proteins that are internalized. Utilization of various discrete forms of endocytosis can regulate the numerous cellular processes, and this fundamental process appears to be conserved in podocytes, as abundant endocytic vesicles have been observed and described in glomerular cross-sections by electron microscopy (Fig. 1) [16, 17] . Endocytosis is often categorized into clathrin-dependent and clathrin-independent pathways. For example, clathrin-mediated endocytosis (CME) is observed wherein the plasma membrane invagination is decorated by clathrin illustrated by the lattice-like coat. This process has been characterized to occur in a multistep fashion. Initially, a phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) enriched region of the plasma membrane allows for recruitment of clathrin adaptor protein AP2 along with Bin-amphiphysin-Rvs (BAR) domain proteins such as endophilin that sense and generate membrane curvature, to initiate clathrin nucleation and polymerization. Following clathrin coat assembly, the BAR domain protein and the actin machinery sculpt the neck of the budding vesicle, resulting in GTPase dynamin self-assembly, constricting the neck. Through GTP hydrolysis, fission occurs, resulting in the internalization of the clathrin-coated vesicle. Lastly, synaptojanin, an inositol 5 0 phosphatase, dephosphorylates its main substrate PI(4,5)P2 at the plasma membrane, and along with auxillin/ GAK and hsc70 participates in shedding of the clathrin coat [18] .
The other major mechanism of internalization that has been described in podocytes is lipid raft dependent, clathrin-independent endocytosis, in which plasma membrane buds are composed of flask or omega-shaped smooth invaginations that are enriched in cholesterol and sphingolipids. Tyrosine phosphorylation of caveolin 1 initiates the initial budding and internalization [19] . Raft-mediated endocytosis also appears to be dependent on the actin machinery and dynamin, which triggers the fission reaction. Yet, recent evidence suggests that there is a reduction in caveolae found in the cell in fibroblasts lacking dynamin, rather than an increase, as would be expected [20, 21] .
Other clathrin-independent endocytic mechanisms that likely contribute to podocyte homeostasis, but have not been clearly elucidated, are macropinocytosis, Arf6, flotilin, and clathrin-independent carrier (CLIC)/GPI-AP enriched early endosomal compartment (GEEC) mediated endocytosis [19] .
RECENT EVIDENCE OF THE IMPORTANCE OF CLATHRIN-MEDIATED ENDOCYTOSIS IN PODOCYTES
Using an in-vitro gene delivery approach, it has been previously reported that cathepsin-induced proteolysis of dynamin modulates the podocyte actin cytoskeleton [22] . However, the physiological relevance of endocytosis in vivo has not been studied until recently. The loss of dynamin 1 and 2 (dynamin DKO) specifically in podocytes revealed massive proteinuria and kidney failure with histological features suggestive of focal segmental glomerulosclerosis [23 && ]. By ultrastructural examination, the glomeruli of kidneys showed a marked collapse of
KEY POINTS
Loss of key CME proteins, dynamin, synaptojanin 1 or endophilin results in proteinuria and foot process effacement.
A relationship between actin and CME exists within podocytes.
Endocytosis is likely critical in regulating turnover of nephrin.
Components of endocytic protein networks are implicated in nephrotic syndrome. the podocyte foot processes, with highly irregular and thickened basement membranes. Interestingly, the constitutive loss of two proteins that form a close functional and interactive partnership with dynamin at neuronal synapses, namely synaptojanin 1 [24, 25] or endophilin [26, 27] , also resulted in severe proteinuria and foot process effacement at birth [23 && ]. The functional and ultrastructural changes produced by the lack of dynamin and synaptojanin 1 or endophilin were strikingly similar [28] . Another protein implicated to be critical in CME is the class II phosphatidylinositol 3-kinase, which phosphorylates PI(4,5)P2 into PI(3,4,5)P3. Mice lacking PI3KC2a, the gene encoding this kinase, develop glomerulonephropathy with proteinuria and renal failure [29] . Recent evidence from kidney biopsy samples from patients with Fabry disease suggests that binding of a-galactosidase A with the mannose 6 phosphate receptor, sortillin and megalin results in its endocytosis [30] . Furthermore, increased podocyte expression of the endosomal H þ /Cl À exchanger ClC-5 has been observed in human kidney biopsies from patients with nephrotic syndrome [31 & ]. This suggests that podocytes utilize CME pathways during development, maintenance and in disease states.
ACTIN CYTOSKELETAL REGULATION IN PODOCYTES IS LINKED WITH CLATHRIN-MEDIATED ENDOCYTOSIS
The maintenance of a normal glomerular filtration barrier requires an intact and properly functioning podocyte actin cystoskeletal meshwork [32] . Hence, defects in the actin framework are often connected to the pathogenesis of nephrotic syndrome [8, [33] [34] [35] [36] . Podocyte damage often results in foot process collapse wherein actin cytoskeletal reorganization takes place transforming parallel contractile bundles into a dense disorganized network. There are several proteins implicated to participate in CME, which also directly or indirectly regulate the actin cytoskeleton [37] . This connection has been demonstrated in fission yeast wherein actin assembly is a critical participant during endocytosis [38, 39] . However, the obligatory recruitment of actin and its cooperative role with endocytic proteins have been highly contested in mammalian cells [40] [41] [42] [43] , but a link between actin and clathrinmediated endocytosis appears to exist in podocytes [23 && ]. This is best represented in live podocytes, wherein the dynamics of actin at endocytic buds can be studied with a high temporal and spatial resolution [20, 41, 42] . A link between dynamin and actin at endocytic sites has been demonstrated through its direct interaction with actin [44] , as well as through colocalization with actin nucleating proteins such as actin-related protein 2/3 (Arp2/3) and neuronal Wiskott-Aldrich syndrome protein (N-WASP) [45, 46] . In podocytes, dynamin also colocalizes with clathrin selectively at late-stage clathrin-coated pits, just prior to the disappearance of the clathrin. Interestingly, podocytes that lack dynamin result in accumulation of Arp2/3 at or around the necks of the arrested clathrin-coated pits, similar to what has been observed in fibroblasts [20] . Moreover, synaptojanin 1-170 and endophilin also colocalize with actin [23 && ,47]. As PI(4,5)P2 stimulates actin polymerization while inhibiting the actin-severing abilities of both gelsolin and actin depolymerizing factor/cofilin, one can posit that an increase in PI(4,5)P2 leads to an overall increase in actin filaments. Dynamin and synaptojanin 1 interacting partner MYO1E [48] , whose loss of function also results in nephrotic syndrome and proteinuria in mice and humans [9, 49] , also arrives at late-stage clathrin-coated pits wherein it colocalizes with a pool of F-actin present at these sites [23 && ]. CD2AP, a protein whose functional impairment results in nephrotic syndrome in both mice and humans, has been shown to colocalize with cortactin and late endosomal marker Rab4 [50] . Moreover, CD2AP has also been shown to interact and colocalize with endophilin in podocytes [23 && ]. Lastly, loss of Nck, an endocytic adaptor that binds to both dynamin and synaptojanin [51] , results in congenital nephrotic syndrome in mice, and through its interactions with nephrin serves to regulate the actin cytoskeleton in podocytes [33, 34] . What mechanisms underlie the link between clathrin and actin in the formation and maintenance of the podocyte foot processes? A plausible explanation is that this network of proteins, which regulate protein trafficking, help control the steady-state cell surface area through its interaction with the actin, and perturbations to this system underwrite the severe podocyte dysfunction observed in nephrotic syndrome.
THE REGULATION OF SLIT DIAPHRAGM PROTEINS BY ENDOCYTOSIS
The slit diaphragm, a modified tight junction, connects neighbouring foot processes and has been demonstrated to serve as a signalling platform [52] . As podocytes develop from discs of columnar epithelium, the slit diaphragm is formed as the apical junctional complex migrates towards the base of the cell, as the lateral cell attachments become absent [53] . Human mutations in slit diaphragm protein nephrin have brought to the forefront further studies on the regulation of this complex, which also includes proteins such as podocin, Neph1, P cadherin, and FAT tumor suppressor homolog 1 (Drosophila) (FAT1) and FAT2 [54] [55] [56] . Nephrin is a transmembrane protein with an extracellular N-terminal domain consisting of immunoglobulin domain repeats, and a C-terminal cytoplasmic domain, which associates with various interacting partners such as the p85 regulatory subunit of the phosphoinositide 3-OH kinase, Nck adaptor protein, CD2AP and podocin [33, 34, 52, 57, 58] . Podocin appears to tether nephrin at the lipid raft domain [59] , and human mutations of this gene result in childhood nephrotic syndrome, possibly due to mislocalization of nephrin [60] . Moreover, during podocyte injury, recent evidence suggests that nephrin is also mislocalized, thus providing further evidence that endocytosis may play a vital role in the internalization and recycling of nephrin [61] . Through podocyte cell culture work, it has been postulated that nephrin can undergo both clathrin and raft-mediated endocytosis [62] . The phosphorylation status of nephrin is one mechanism that regulates its internalization [62, 63] . The Src family of tyrosine kinases, Fyn and Yes, have been shown to phosphorylate nephrin. The Yesdependent nephrin phosphorylation at Y1193 results in enhanced association with podocin and enhances nephrin signalling [63] . Conversely, dephosphorylation of this tyrosine residue initiates b arrestin induced endocytosis. Further reports have demonstrated that podocytes stimulated with high glucose concentration result in increased protein kinase C a (PKCa) expression, thus promoting nephrin internalization, which was inhibited by pretreatment with PKCa inhibitor [61] . This was attributed to ability of PKCa to phosphorylate nephrin at threonine residues 1120 and 1125, which propagates b arrestin interaction with nephrin and its subsequent internalization [64] . However, it remains unclear whether b arrestin induced nephrin internalization involves clathrin-dependent and or clathrin-independent mechanisms. Yet, it is plausible that b arrestin is involved in both pathways, as current evidence suggests that nephrin internalization involves two distinct endocytic routes in which fast endocytosis is regulated by CME, and slower uptake is dependent on raftmediated endocytosis [62] . Nephrin endocytosis also relies on CIN85/RukL, the homologue of CD2AP. CIN85/RukL has been thought to have overlapping cellular functions but partially different tissue distribution. However, in podocytes, CD2AP and CIN85 have functionally compensatory roles. In wild-type podocytes, CD2AP appears to downregulate CIN85 expression through posttranslational modification by SUMOylation at lysine 598 [65] . Conversely, in podocytes lacking CD2AP expression, there is an increased CIN85/RukL expression, which results in ubiquitination of nephrin. Other investigators have suggested that CME of nephrin is regulated by increased Notch activation in podocytes, as cholesterol depletion had a minimal effect on nephrin surface retention, in comparison to podocytes pretreated with dynamin inhibitor, dynasore [66] . Furthermore, nephrin endocytosis has been shown to be important in glucose regulation through a complex generated by septin 7, nephrin and CD2AP [67 && ], and in pancreatic beta cells wherein dynamin regulation of nephrin endocytosis results in insulin release [68] . Moreover, in Drosophila, sns and kirre, which are orthologues of mammalian nephrin and Neph1, regulate the formation of nephrocyte diaphragm, as knockdown of these two genes results in reduced protein uptake into the labyrinthine channels [69] . Hence, nephrin endocytosis appears to be a tightly regulated process, as overabundance of nephrin endocytosis following podocyte injury results in its removal from the slit diaphragm causing proteinuria. Yet, reduced nephrin endocytosis due to the loss of clathrin-mediated adaptors may also be playing a role in the pathogenesis of nephrotic syndrome [23 && ]. Therefore, we hypothesize that the human kidney filters nearly 180 l of plasma daily, causing the slit diaphragm to work unceasingly, thus relying on the endocytic machinery ( Fig. 2) for maintenance and renewal of a normal filtration barrier.
CONCLUSION
Although the study of endocytosis specifically in podocytes remains in its infancy, there is accumulating evidence that this pathway plays a critical role during podocyte health and disease. However, many questions remain to be answered. It would be of interest to delineate the critical factors being internalized and regulated by endocytic pathways within podocytes. One could speculate that defects in endocytosis could alter a plethora of cellular processes. For example, the Par3/Par6/atypical PKC complex along with RhoGTPase CDC42 appear to be critical in efficient clathrin and nonclathrinmediated endocytosis [70] . Hence, a better understanding of how membrane trafficking regulates podocyte polarity proteins, Par3/Par6/atypical PKC, and CDC42, would be of relevance, as loss of atypical PKC and CDC42 in mice results in nephrotic syndrome [71] [72] [73] . Moreover, the role of endocytic regulation of cell adhesion proteins, alpha and beta integrins [6, 74, 75] , channel proteins, TRPC5 and TRPC6 [11, 12, 76] , junctional proteins, Neph-1 [54] or tyrosine kinase or G protein coupled receptors may further impact our understanding of podocyte biology. Another area to delineate is the link between endocytosis and authophagy, as recent mice models have elegantly highlighted the importance of autophagy for podocyte homeostasis [28, [77] [78] [79] [80] 81 && ]. Future challenges also include exploration of proteins that are localized at sites of endocytosis such as sFLT1, and how they modulate gangliosidases [82 && ]. Lastly, further studies addressing podocyte endocytosis as a means of clearing large serum proteins, hence preventing the clogging of the filtration barrier, are also enticing [83] . Collectively, these studies suggest the importance of endocytosis in podocyte biology, thus motivating further investigation to elucidate its precise role during the development, maintenance and following injury of the glomerular filtration barrier.
